Effect of pre-existing precipitates on microstructure evolution during severe plastic deformation was studied. An Al0.2 mass%Sc alloy was aged at 300 and 400°C for having different sizes of Al 3 Sc precipitates. The mean precipitate size of Al 3 Sc was 3.62 and 50 nm for 300 and 400°C aging, respectively. In the as-aged specimens, Al 3 Sc had coherency with the Al matrix. The three kinds of specimens that were solutiontreated (ST), aged at 300°C or aged at 400°C, were then heavily deformed by the accumulative roll bonding (ARB) process up to 10 cycles (corresponding to an equivalent strain of 8.0) at room temperature. After 10 cycles of the ARB process, the specimens showed a lamellar boundary structure having the mean lamellar interval of 0.37, 0.24 and 0.27 µm in the ST, 300°C Aged and 400°C Aged specimens, respectively. Additionally, the fraction of high angle grain boundaries (HAGBs) and the average misorientation between boundaries in the Aged-specimens were both higher than those in the ST specimen ARB processed to the same strain. It indicated that grain refinement during the ARB process was accelerated by the pre-existing precipitates. The reasons for the acceleration in microstructural evolution are considered to be the introduction of shear bands, the enhancement of dislocation multiplication rate and the inhibition of grain boundary migration by the precipitates in the pre-aged specimens. [
Introduction
Severe plastic deformation (SPD) techniques are now widely applied for the production of ultrafine-grained (UFG) microstructures having mean grain size smaller than 1 µm in bulk metals. 1, 2) These techniques have the advantage to produce fully dense materials without introduction of any contamination. Among the various SPD processes, accumulative roll bonding (ARB) is appropriate to manufacture ultrafine grained (UFG) sheet materials, which are the most widely used shape of materials in industry. The ARB allows us to accumulate very large strains into materials without changing the initial dimensions of the materials by repeating the processes of cutting the rolled sheet, stacking them to be the initial thickness and roll-bonding the stacked sheets again, as was explained in elsewhere. 3) In the present investigation, the ARB process was carried out on an Al 0.2 mass%Sc alloy having different starting microstructures, in order to examine the microstructural change of the alloy during the process.
AlSc alloys have recently received much interest because of their various advantages. Since fine Al 3 Sc precipitates in AlSc alloys are thermally stable, grain growth of the matrix grains is greatly inhibited and fine grained structures can be maintained. 48) On the other hand, the presence of the second phase particles could potentially have a significant effect on microstructure evolution during the severe plastic deformation processes mentioned above. For example, it is well known that second-phase particles can increase the rate of dislocation generation, and develop local deformation zones containing large local misorientation. 911) This can lead to an increased rate in generation of high angle grain boundaries (HAGBs) during plastic deformation. 1214) However, most of previous researches on the influence of fine particles have been done in low strain deformations, and their effect on the grain refinement through grain subdivision 14, 15) by newly generated HAGBs during severe plastic deformation has not been well documented. In this study, pre-aged AlSc specimens having two different sizes of precipitates, as well as the solution treated specimen, are prepared and then heavily deformed by the ARB process. The microstructure evolution in the pre-aged specimens is compared with that in the solution treated and ARB processed specimens in order to clarify the effect of pre-existing precipitates.
Experimental Procedure
A binary Al0.2 mass% Sc alloy was prepared as sheets with thickness of 2 mm, width of 60 mm and length of 200 mm. The chemical composition of the Al0.2%Sc alloy is given in Table 1 .
The sheets were solution treated (ST) at 913 K (630°C) for 86.4 ks and then immediately water-quenched. The average grain size of the matrix in the ST-sheets was 500 µm. Some ST-sheets were aged at 573 K (300°C) or 673 K (400°C) for 10 ks, in order to have two different sizes of Al 3 Sc precipitates. The aging conditions were selected according to previous reports. 15, 16) Hereafter, those specimens are denoted as Aged-sheets. These ST-sheet and Aged-sheets were used as the starting materials for the ARB process. The starting sheets with the thickness of 2 mm were firstly cold-rolled by 50% reduction in thickness with lubrication. This procedure is considered as the first ARB cycle. A two-high rolling mill with 310 mm diameter rolls was used for rolling at room temperature with lubrication at a rolling speed of 2.0 m min ¹1 . The same conditions were used for roll-bonding Table 1 Chemical composition of the Al0.2%Sc alloy studied (mass%).
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Fe Cu Mn Mg Cr Zn Ti Sc 0.016 0.025 0.004 0.001 0.001 0.003 0.001 0.002 0.183 + Corresponding author, E-mail: ehsan.borhani@ks7.ecs.kyoto-u.ac.jp in the subsequent ARB process. In the subsequent ARB process, the 50% cold-rolled sheets with 1 mm thickness were cut into two with the half length in the rolling direction (RD), and then the contact surfaces of the sheets were degreased by acetone and wire-brushed by a stainless steel wire-brush. Two pieces of the sheets were stacked to be 2 mm thick in total and then roll-bonded by 50% reduction in thickness by one pass. The roll-bonded sheets were immediately cooled in water. The same procedures were repeated up to 10 cycles including the first 50% cold-rolling, which corresponded to the total reduction in thickness of 99.9% and the total equivalent strain of 8.0. Hereafter, the ST-and Aged-sheets ARB processed are denoted as ST-ARB, and Aged-ARB specimens, respectively. The starting material and the samples ARB processed by N cycles are expressed as ARB 0c and ARB Nc specimens, respectively.
Sections normal to the transverse direction (TD) of the sheets were used for the microstructural observations. Electron backscattering diffraction (EBSD) analysis was carried out in a scanning electron microscope with a field emission type gun (FE-SEM; Philips XL30) operated at 15 kV. The specimens were mechanically polished and then electro-polished in a solution of 30% HNO 3 and 70% CH 3 OH before the measurements. The TEM observations were carried out using Hitachi H-800 operated at 200 kV. Thin foil specimens normal to TD were prepared through mechanical polishing firstly down to approximately 70 µm in the thickness, and then electro-polishing in the same solution as that for the EBSD specimens.
Results

Starting microstructures
Dark field TEM images of three kinds of starting materials before the ARB process obtained from (100) plane diffraction of Al 3 Sc are shown in Fig. 1 . In the specimen aged at 300°C, there are many fine spherical precipitates with mean particle diameter of 3.62 nm [ Fig. 1(a) ]. The corresponding diffraction pattern indicates that fine Al 3 Sc precipitates have identical orientation as the Al matrix. On the other hand, in the specimen aged at 400°C, there are coarse and cauliflower shaped precipitates with a mean size of around 50 nm in diameter [ Fig. 1(b) ]. The corresponding diffraction pattern shows that the coarse Al 3 Sc precipitates also have an identical orientation relationship with the matrix and probably keep coherency. Furthermore, no precipitate is observed in the solution treated specimen [ Fig. 1(c) ]. The size distribution of the precipitates in the aged specimens is also plotted in Fig. 2 . It is seen in Fig. 2 that the distribution of precipitates in the 300°C Aged specimen is rather homogeneous containing lower range particle sizes than that of the 400°C Aged specimens. Figure 3 shows an optical micrograph of the ST specimen before the ARB process, containing coarse original grains of about 500 µm in size. The aged specimen also had similar grain size of the matrix. Grain boundary maps obtained from EBSD analysis of the ST-, 300°C Aged-and 400°C Agedspecimens after various cycles (strains) of the ARB are shown in Fig. 4 . The boundaries are classified into lowangle grain boundaries (LAGBs) with misorientation (ª) of 2°¯ª < 15°drawn in red, and high-angle grain boundaries (HAGBs) with ª ² 15°drawn in green. Boundaries having misorientation smaller than 2°were cut off, in order to remove inaccuracy in EBSD measurement and analysis.
Microstructure evolution in matrix during ARB process
At the initial stages of the ARB process (1 cycle and 3 cycles in Fig. 4 corresponding to equivalent strain ¾ = 0.8 and 2.4, respectively) the microstructures of the matrix are non-uniform and consist of two kinds of grain sizes, i.e., fine grains and very coarse and elongated grains which correspond to the initial grains. The specimens ARB processed below 3 cycles (¾ = 2.4) show inhomogeneous microstructures which consist of fine grains surrounded by HAGBs and relatively large grains including LAGBs. It seems that the number of the fine grains surrounded by HAGBs and the amount of LAGBs are both larger in the 300°C Aged-ARB specimen than those in the other specimens. It is found that the 300°C Aged-ARB specimen shows large number of LAGBs aligned to specific orientations to RD, i.e., several LAGBs have a slope of approximately 45°against RD, which correspond to local shear bands shown later. After the ARB process up to medium cycles (5 and 7 cycles corresponding to ¾ = 4.0 and 5.6, respectively), the microstructures are still inhomogeneous. Some regions include relatively high density of LAGBs and the other regions show elongated UFG structures with high density of HAGBs. It is found that the fraction of HAGBs in the 300°C Aged-ARB specimen is the largest among the specimens.
In the specimens ARB processed by 10 cycles (¾ = 8.0), microstructures are homogeneous compared with the specimens ARB processed below 7 cycles. The specimens show lamellar boundary structures elongated along RD. In the two kinds of aged specimens having precipitates, the distribution of HAGBs is relatively homogeneous, and the most of grains are surrounded by HAGBs. It is found that the HAGB spacing in the 300°C Aged-ARB specimen is smaller than that of the 400°C Aged-ARB specimen. On the other hand, the coarse regions without HAGBs are retained in the ST-ARB specimen processed by 10 cycles. The HAGBs spacing in the ST-ARB specimen is larger than those in the Aged-ARB specimens.
From the results of the EBSD measurements, it is considered that grain refinement by severe plastic deformation is accelerated by pre-existing precipitates. This acceleration is presumably attributed to inhibition of dislocation motion by the precipitates. Additionally, the smaller precipitate seems to be more effective for grain-refinement. 
Quantification of microstructure evolution
The misorientation distribution obtained from EBSD measurements of the ARB processed specimens are given in Fig. 5 as fraction-misorientation histograms. The misorientation was calculated between neighboring measured points in the EBSD mapping data by software (OIM analysis version 5.6).
After 1 and 3 cycles, the shape of histograms is similar, and the fraction of boundaries with misorientation smaller than 5°is very high. It reflects that dislocations or LAGBs were introduced during ARB process. In the specimens ARBprocessed above 5 cycles, the fraction of small misorientation decreased gradually with increasing the number of ARB cycles while the fraction of HAGBs increased. After 10 cycles, the fraction of LAGBs in the ST-ARB and 300°C Aged-ARB specimens decreased to less than 10%. In these specimens, the fraction of misorientation ranging from 45 to 50°is the highest. The distribution becomes close to a random distribution of misorientation. 15, 16) On the other hand, the fraction of the LAGBs in the 400°C Aged-ARB specimen kept more than 10% after 10 cycles ARB.
The grain size, d t , is given in Fig. 6 (a). The d t is evaluated as the mean spacing of HAGBs along ND by linear intercept method in the EBSD boundary maps. From the figure, it is found that the d t decreases with increasing the number of ARB cycles. After 1 cycle of ARB processing, the d t of the 300°C Aged-ARB, 400°C Aged-ARB and ST-ARB specimens are 0.9, 2.3 and 2.1 µm, respectively, though the initial grain size was several hundred micrometers. The d t of the specimens decreases down to approximately 0.4 µm with increasing ARB cycle up to 5 cycles. Afterward, the d t decreases with increasing the number of ARB cycles.
The d t of the 300°C Aged-ARB specimen is much smaller than that of the other specimens below 5 cycles. It indicates that the fine precipitates in the 300°C Aged-ARB specimen enhances the rate of grain-refinement during the ARB process. After 10 cycles of ARB processing, the d t reduces down to 0.24, 0.27 and 0.37 µm for the 300°C Aged-ARB, 400°C Aged-ARB and ST-ARB specimens, respectively.
The above results mean that the fine Al 3 Sc precipitates in the 300°C Aged-ARB specimen dominantly affect the grain refinement up to 5 cycles, but the influence of the precipitates at 10 cycles is not as obvious as in the specimens ARB processed to 5 cycles. This indicates that the fine pre-existing precipitates have a significant effect on microstructure evolution at relatively low applied strains. The fraction of HAGBs, f HAGBs , is plotted as a function of the number of ARB cycles in Fig. 6(b ). The f HAGBs increases monotonically with increasing the number of ARB cycles. It is found that the f HAGBs of the ST-ARB specimen is always lower than those of the 300°C Aged-ARB and 400°C Aged-ARB specimens at the same ARB cycle. Additionally, the f HAGBs of the 300°C Aged-ARB specimen is larger than that of the 400°C Aged-ARB specimen. Finally, after 10 cycles, the f HAGBs of the 300°C Aged-ARB, 400°C Aged-ARB and ST-ARB specimens is 72.4, 61.6 and 53.28%, respectively. These results show that the rate of HAGBs formation was also affected by the pre-existing precipitate, and that the finer precipitates were more effective for forming HAGBs during the ARB process. Figure 6 (c) shows the average misorientation angle, ª, as a function of ARB cycles. It can be seen that the average misorientation angle increases with increasing the number of ARB cycles in all specimens. It is found that the average misorientation angles in the two kinds of the Aged-ARB specimens are higher than that of the ST-ARB specimen. In the 300°C Aged-ARB and ST-ARB specimens, the average misorientation angle increased monotonically with increasing the number of ARB cycles up to 10 cycles. In case of the 400°C Aged-ARB specimens, the average misorientation increases up to 5 cycles, then keeps a constant value. Furthermore, the 400°C Aged-ARB specimen has higher misorientation angle than that of the 300°C Aged-ARB specimen, although they have almost the same value of mean misorientation at the ARB 10 cycles. Figure 7 shows the TEM micrographs of the 300°C Aged-ARB and 400°C Aged-ARB specimens processed by 1 cycle. The typical pictures were chosen from several TEM micrographs observed for each kind of specimen. Some shear bands indicated by arrows are observed, though shear bands have not been observed in the ST-ARB specimen 17) and pure aluminum in previous studies. 1820) These results indicate that shear bands introduced during the ARB process are caused by the presence of pre-existing precipitates. The shear bands correspond to the aligned LAGBs observed in EBSD maps ( Fig. 4) which had a slope of approximately 45°against RD. Fine lamellar boundary structures are found within the shear bands in TEM [ Fig. 7(b) ]. From the figures, width of the shear bands in the 300°C Aged-ARB specimen is smaller and the number of the shear bands in the 300°C Aged-ARB specimen is somehow larger than those in the 400°C Aged-ARB specimen. This fact was also confirmed in large scale EBSD maps with size area of 500 µm © 100 µm. It is considered that the finer precipitates enhance to introduce shear bands much more effectively. Introduction of shear bands during SPD processes have been also reported elsewhere. 10, 11, 2123) Typical TEM microstructures of the Aged-ARB specimens after 1 cycle are shown in Figs. 8(a) and 8(b) . The microstructures indicate that the Al 3 Sc precipitates are distributed randomly in the matrix. It is also observed that a high-density of dislocations interact with Al 3 Sc precipitates especially in the 400°C Aged-ARB specimen. It is expected that the accumulation of dislocations was accelerated because the dislocation motion is inhibited by the precipitates during the ARB process. Figure 9 shows TEM micrographs of the ST-ARB, 300°C Aged-ARB and 400°C Aged-ARB specimens processed by 9 cycles. The TEM micrographs were observed from TD. From the figures [Figs. 9(a)9(c)], the specimens ARB processed by 9 cycles show lamellar boundary structure elongated along RD which is a typical ultra-fine microstructure formed by the ARB process. 24, 25) The mean boundary spacing parallel to ND is approximately 500 nm. The shear bands were not observed after 9 cycles. In case of the ST-ARB and 300°C Aged-ARB 10c specimens [Figs. 9(a) and 9(b)], it seems that dislocation density is fairly low within the lamellar grains. On the other hand, large number of dislocations seems to exist within the elongated grains in the 400°C Aged-ARB specimen [ Fig. 9 (c)]. Figure 9(d) shows a TEM micrograph obtained by dark field method for the 400°C Aged-ARB specimen processed by 10 cycles. Dislocations are clearly observed within the lamellar grains.
TEM observation of ARB processed specimens
Change in precipitates in aged-specimens during
ARB process In this section the change in Al 3 Sc precipitate in the aged specimens during the ARB process is focused and discussed. A TEM micrograph of the 300°C Aged-ARB specimen after 1 cycle ARB is shown in Fig. 10 . Figure 10(b) is a selected area diffraction (SAD) pattern obtained from Fig. 10(a) . Figure 10 (c) is a key diagram corresponding to the SAD pattern. In this TEM micrograph, although it is difficult to observe very fine precipitates, the diffraction pattern includes the diffraction spots corresponding to Al 3 Sc precipitate, which are indicated by white arrows in Fig. 10(b) . From the SAD pattern, it is found that, the crystal plane (100) and (110) of the Al 3 Sc precipitate are parallel to the crystal plane (200) and (220) of the Al matrix, respectively. The results indicate that the precipitates keep an orientation relationship with the matrix after 1 cycle of ARB process. Thus, it is expected that the precipitation might keep coherency to the matrix after 1 cycle ARB process.
High resolution TEM (HRTEM) micrographs of the 300°C
Aged-ARB specimen after 9 cycles are shown in Figs. 11(a) and 11(b) . Several straight lines indicated by arrows due to stacking faults are observed in these figures. Tetragonal regions in the images surrounded by white broken lines were analyzed by fast Fourier transformation (FFT). The results of the FFT analysis corresponding to diffraction patterns are given in Figs. 11(c) and 11(d) with related key diagrams. From Fig. 11(c) , it is found that the precipitate in Fig. 11(a) keeps the particular orientation relationship with the matrix, which was found in the aged specimens before ARB process. On the other hand, the orientation relationship between the precipitates and the matrix in Fig. 11(b) is different from that confirmed in the starting microstructure of the Aged specimens. It can be concluded, therefore, that the orientation relationship between some precipitates and matrix is changed during ARB process.
TEM microstructures of the 400°C Aged-ARB specimen processed by 1 cycle are shown in Fig. 12. Figure 12 micrograph of the 400°C Aged-ARB specimen after 9 cycles is shown in Fig. 13 with the FFT image and the key diagram. TEM micrographs of the 400°C Aged-ARB specimen processed by 10 cycles are shown in Fig. 14. The diffraction pattern obtained from the region surrounded by a circle of broken line in Fig. 14(a) is shown in (b). In Fig. 14(b) , two kinds of diffraction spots indicated by arrows 1 and 2 are observed. Both of the spots correspond to Al 3 Sc precipitates. Figures 14(c) and 14(d) show the dark field images corresponding to the arrow 1 and arrow 2, respectively. It appears that the diffraction spot indicated by the arrow 1 keeps a specific orientation relationship between the precipitates and matrix. On the other hand, the diffraction spot indicated by the arrow 2 is deviated from the position for a diffraction spot shown by arrow 1. It is found that the brightness of precipitates are different between Figs. 14(c) and 14(d) . The results indicate that orientation relationship between Al 3 Sc precipitates and matrix in the 400°C Aged specimen is changed even within the identical matrix grain, probably due to plastic deformation during 9cycle ARB.
Additionally, it is noteworthy that the precipitates showing spherical morphology have an average diameter of approximately 10 nm after 9 cycles of ARB process, although the cauliflower shaped precipitates had mean particle size of 50 nm prior to the ARB process. It is expected that the coarse Al 3 Sc precipitates are dissolved and re-precipitated, or fragmented into small ones during the ARB process.
Discussion: Effect of Pre-Existing Precipitates on Microstructural Evolution
From the microstructural observations, it was found that the grain refinement during the ARB process was accelerated by the pre-existing precipitates. For example, the fraction of HAGBs and the average misorientation in the Aged-specimens including the pre-existing precipitates were higher than those of the ST-specimen at the same ARB cycle ( Fig. 6) . At low ARB cycles, the grain size of the 300°C Aged-ARB specimen was much smaller than that of other specimens (Fig. 6 ). In this section, reasons for the acceleration in the grain refinement due to the pre-existing precipitates are discussed.
One of the possible reasons for the grain-refinement acceleration is an influence of the pre-existing precipitates on dislocation motion during plastic deformation. It has been reported that precipitates can increase the rate of dislocation generation by encouraging the formation of Orowan and prismatic loops, as has been reported in the references. 10, 18, 2629) At the same time, precipitates inhibit the long-range migration of dislocations, so that uniform slip of dislocations become difficult and development of local deformation zones containing large local misorientation gradients is promoted. Barlow et al. have reported an accelerated grain refinement in precipitate bearing aluminum as well as enhanced dislocation generation and a reduction in the slip distances. 30) The relationship between dislocation density in a specimen with precipitates, µ D , and in a precipitate free alloy, µ s , can be described by following equations. 27, 31) µ
where f v , r and L are the volume fraction of precipitates, mean radius of precipitates and slip length in the single-phase alloy, respectively. Equation (1) gives approximately an order of magnitude increase in dislocation density in the specimen with precipitates relative to that in a precipitate free specimen. 31) The increase in dislocation density naturally leads to increase the formation rate of HAGBs. In the TEM micrographs, high-density of dislocations were actually observed in the Aged-specimens ( Fig. 8) . Actually, the fraction of HAGBs in the Aged-specimens was higher than that in the ST-specimen during the ARB process. Moreover, the fraction of HAGBs in the 300°C Aged-ARB specimen was higher than that of the 400°C Aged-ARB specimen. The results can be explained by the expected increase in the dislocation multiplication rate in the 300°C Aged-ARB specimen having finer precipitates than those in the 400°C Aged-ARB specimen. It is now summarized that the preexisting precipitates increase the rate of dislocation multiplication and accumulation then accelerate the HAGBs formation during the ARB process. As was mentioned above, large number of precipitates inhibit uniform dislocation slips and result in inhomogeneous deformation and rather instability like shear banding. Introduction of shear bands during SPD processes have been reported in previous literatures. 10, 11, 2123) Introduction of shear bands also results in subdivision of original crystals, especially subdivision of elongated or lamellar grains. Thus, another possible reason for the acceleration in grain refinement might be shear banding during the ARB process. Actually, the shear bands were observed in the Aged-ARB specimens (Fig. 7) , while they were hardly observed in the ST-ARB specimen. It seems from the EBSD boundary maps (Fig. 4 ) that the shear bands were mainly introduced at low ARB cycles. Furthermore, the number of the shear bands introduced by the ARB process in the 300°C Aged-ARB specimen was larger than that in the 400°C Aged-ARB specimen (Fig. 7) , probably because finer and denser precipitates made uniform slips more difficult. It corresponds to the experimental result that the grain size of the 300°C Aged-ARB specimen was smaller than that of the 400°C Aged-ARB specimens at low ARB cycles ( Fig. 6 ). Therefore, it is concluded here that the pre-existing precipitates inhibit uniform dislocation slips in the matrix to result in also strain localization like shear banding, which leads to acceleration of grain refinement during the ARB process, especially at low ARB cycles. In addition, the effect of finer precipitate is more effective on the acceleration.
By the way, it was found that the grain size (the thickness of grains) saturated above 7 cycles of ARB cycles from the microstructural observation [ Fig. 6(a) ]. The result suggests that a kind of microstructure coarsening including boundary migration occurs during the ARB process. Such a microstructure coarsening during the ARB process is probably affected by the pre-existing precipitates. Thus, the interaction between the precipitates and grain boundaries is also considered as another effect of the pre-existing precipitates on microstructural evolution during the ARB process. Figure 15 shows TEM micrographs of the 400°C Aged-ARB specimen after 9 cycles. In the figures, a wavy boundary is found to be pinned by the precipitates. This indicates that the grain boundary migration happened during the ARB process. It is well known that fine precipitate can inhibit grain boundary migration by so-called Zener drag effect. The Zener dragging force, F, is shown as follows:
F ¼ 3=8ðf=r 2 Þ£D sg 1=r 2 for a low-angle boundary ð2Þ F ¼ 3=2ðf=rÞ£ 1=r for a high-angle boundary ð3Þ
where f is the volume fraction of second phase particle, r is the particle radius, D sg is the subgrain size and £ is the surface energy. It is found that F becomes larger when the Al 3 Sc precipitates have finer size and keep identical orientation with the matrix, which results in lower surface energy. 32, 33) In the experimental results, the thicknesses of the elongated grains after 10 cycles were 0.24, 0.27 and 0.37 µm for the 300°C Aged-ARB, 400°C Aged-ARB and ST-ARB specimens, respectively. The grain size of the Aged-ARB specimens is smaller than that in the ST-ARB specimen. And the specimens with the finer pre-existing precipitates showed smaller grain sizes. The results also agree with the magnitude of Zener dragging force expected from the eqs. (2) and (3). Hence, it is also concluded that the Aged-ARB specimens having the pre-existing precipitates showed smaller grain size than the ST-ARB specimen because the pre-existing precipitates inhibited the grain boundary migration during the ARB process. However, we should note that the ultrafine grained structures in the ARB processed specimens are not controlled only by the grain growth but are the results of grain subdivision during heavy plastic deformation. Therefore, the Zener drag would give just a minor effect on microstructure evolution at high ARB cycles. It can be concluded that the important roles of the preexisting precipitation in the microstructural evolution during the ARB process are firstly to increase the generation and accumulation rate of dislocation and secondarily to introduce shear bands at low ARB cycles, as well as to inhibit the grain boundary migration at high ARB cycles as a minor effect. The roles of the pre-existing precipitation lead to acceleration of grain refinement and decrease in grain size during the ARB process.
Conclusions
Microstructural evolution during severe plastic deformation by ARB process up to 10 cycles (equivalent strain of 8.0) in a solution treated specimen and pre-aged specimens aged at 300°C or 400°C of an Al0.2% Sc alloy was investigated.
The main results are summarized as follows:
(1) Coherent precipitates of Al 3 Sc with mean particle size of 50 nm which showed a cauliflower-like shape were observed after aging at 400°C for 10 ks. On the other hand, fine and spherical coherent precipitates with mean particle size of 3.6 nm were found after aging at 300°C. (2) After 10 cycles of ARB, lamellar boundary structures were observed in all the specimens. The mean grain thickness of the elongated ultrafine grains in the Aged-ARB specimens containing precipitates was smaller than that in the ST-ARB specimen. The fraction of high angle grain boundaries (HAGBs) and the average misorientation in the Aged-ARB specimens were larger than those in the ST-ARB specimen. The results show that pre-existing Al 3 Sc precipitates accelerated the grain refinement during the ARB process. (3) The acceleration of the grain refinement is considered to be caused by the increase in the dislocation generation rate due to the pre-existing precipitates as well as by the introduction of shear bands. After many cycles of the ARB process, the saturated grain sizes in the Aged specimens were smaller than that in the ST-specimen. The precipitates also play an additional role to inhibit short range grain boundary migration at later stage of ARB through Zener drag effect. It was also found that the effects of the finer pre-existing precipitates in the 300°C Aged-ARB specimens on grain refinement were more effective than that of the coarse precipitate in the 400°C Aged-ARB specimens. (4) From the TEM observations, it was found that the state of the precipitates changed during the ultrahigh strain deformation by ARB process. The coherency between the precipitates and Al matrix was kept during 1 cycle of ARB process. However, some precipitates have different orientation relationship with matrix after 9 cycles. Additionally, the cauliflower shaped precipitates observed in the 400°C Aged-ARB specimens were changed to the fine and spherical-shaped ones after many ARB cycles. From the results, it was expected that the Al 3 Sc precipitates were dissolved and reprecipitated, or fragmented by plastic deformation during the ARB process.
